ϩ T cells via MHCII presentation.
T cell activation via MHCII-mediated antigen presentation is a mature field in which precise mechanisms are established for MHCII binding of peptide antigens (1) , and the fine structural details of many MHCII-peptide-T cell receptor (TCR) 2 ternary complexes are well characterized (2) . Peptide recognition is exquisitely specific and relies heavily upon clonal expansion of a very low-copy number of randomly generated TCR sequences within the naïve T cell repertoire. Pioneering work in T cell biology revealed that the precursor frequency for any given specificity can be as little as 20 -200 copies in the entire body (3). As such, specific clonal expansion generated against a single antigen characteristically generates a small but readily detectable expansion of a limited subset of T cell clones. In contrast, superantigens, such as the Staphylococcus enterotoxin family, are intact proteins that derive their name from the ability to cause broad nonspecific T cell activation (4). Indeed, up to 50% of all T cells in the body could potentially respond to a superantigen (4). The reason for this massive response is found in the mechanism of binding. Most superantigens associate with peptide-loaded MHCII molecules outside of the canonical peptide-binding groove. In addition, they associate with opposing TCR molecules via interactions with the germ line-encoded portions of specific variable ␤ (V␤) domains. As such, they cross-link the MHCII-TCR complex in a manner independent of the rearrangements localized in the complementaritydetermining region (CDR) loops 1-3, in which antigen specificity is predominantly encoded.
Despite the wealth of information on these classical pathways, the mechanism underlying T cell activation by polysaccharides remains poorly understood. We first discovered the ability of MHCII to present processed fragments of polysaccharides to T cells for recognition and activation in 2004 (5), although the ability to stimulate T cells was first described in 1993 (6) . The most important characteristic of these polysaccharide antigens is their zwitterionic nature. Every known T cell-dependent polysaccharide antigen identified to date, including the founding member polysaccharide A (PSA) from the capsule of Bacteroides fragilis, carries both positive and negative charges within the repeating unit structure (6 -10) . Upon neutralization of either charge, the antigen is rendered inactive (6, 11, 12) due in part to conformational changes that result in loss of MHCII binding (12) . Interestingly, we have also found that the glycosylation pattern on MHCII directly impacts MHCII binding by PSA, likely through carbohydrate-carbohydrate interactions with conserved N-linked glycans on MHCII (13) (14) (15) . Despite these advances in our understanding of MHCII-mediated presentation of these unusual antigens, almost nothing is known about their recognition by their cognate T cell.
Based on the levels of cytokine production and proliferation in T cell responses against PSA (16) , it is reasonable to propose that T cell recognition of these "glycoantigens" is more like that of conventional peptide antigens than that of superantigens. However, the T cells that respond to PSA are highly anergic upon secondary exposure to the antigen (16, 17) , preventing traditional screening approaches to isolate and characterize antigen-specific clones. This anergy is likely associated with the function of these responding cells, which have been demonstrated to suppress a host of inflammatory conditions in vivo (7, 18 -20) . A regulatory phenotype is consistent with published data on PSA and the inability to isolate clones because no T cell clones of established regulatory T cells have ever been reported. For this reason, the antigens for natural thymically derived regulatory T cells remain a mystery.
Here, we utilized next-generation sequencing to provide the first genetic-based characterization of the T cell response against the B. fragilis polysaccharide PSA. We found that immunization with PSA expanded a population of CD4 ϩ
CD45RB
low T cells with an effector/memory surface phenotype (CD62L low CD44 high ) and afforded mice robust protection from the induction of airway inflammation. Sequencing of all CDR3 loop sequences among the CD4 ϩ T cell repertoire of immunized mice revealed clonal expansion of a limited number of clones in response to PSA and a conventional protein antigen (ovalbumin) compared with vehicle control naïve mice. Detailed informatic analysis revealed a lack of unusual CDR3 loop lengths among PSA-expanded clones and a lack of preferential V␤ and joining (J) segment use. In contrast, an unusual number of CDR3 loop sequences contained both positively and negatively charged residues, suggesting that recognition by the TCR may be driven in part by electrostatic interactions between MHCII-presented zwitterionic PSA and the opposing CDR3 loop. These data reveal that a polysaccharide antigen elicits a clonal and therefore specific T cell response that aligns with conventional peptide recognition and not superantigen cross-linking, thereby adding a new antigen class to the list of molecules capable of specific T cell recognition and induction of regulatory T cells.
EXPERIMENTAL PROCEDURES
Mice and Bacteria-Wild-type (WT) C57BL/6 breeding pairs were obtained from Jackson ImmunoResearch Laboratories and housed in specific pathogen-free (and B. fragilis-free) conditions according to guidelines established by the Institutional Animal Care and Use Committee of Case Western Reserve University (Cleveland, OH). Experimental mice were 7-12 weeks old. B. fragilis was grown in anaerobic conditions, and PSA was purified as described previously (5, 21) . For all PSA exposures, mice were orally gavaged with PSA over 12 days (100 g/dose in saline every 3 days). Negative controls utilized saline vehicle alone.
Airway Inflammation Model-Mice were sensitized to ovalbumin by intraperitoneal doses of 40 g of ovalbumin in alum 7 days apart. Seven days following the second injection, the mice received intranasal ovalbumin (40 g/dose in PBS; Sigma) for 6 consecutive days before being killed on day 7. For intranasal challenge, mice were anesthetized using a tabletop anesthesia system (VetEquip) with 3% isoflurane (Baxter). For T cell function, CD4 ϩ splenocytes were purified with magnetic bead resin (Miltenyi Biotec) from the spleens of PSA-or mock saline-treated mice, and 2 ϫ 10 6 T cells were transferred into ovalbumin-sensitized recipient mice 24 h prior to the beginning of intranasal ovalbumin challenges. Euthanasia was performed with a mixture of 8.6% ketamine (Fort Dodge Animal Health), 1.7% xylazine (AnaSed), and 2.9% acepromazine (Boehringer Ingelheim) in sterile saline. Mice were dosed at 0.006 ml/g. Mice were then tracheotomized, and lungs were flushed three times with 1 ml of PBS containing 0.6 mM EDTA. Cells from these washes were collected and resuspended in 50 l of PBS with 0.6 mM EDTA, and differentials were performed by Cytospin and microscopic counting. Lungs were inflated with O.C.T. (Tissue-Tek) and fixed in 10% formalin prior to paraffin embedding and sectioning at the Case Western Reserve University Tissue Procurement and Histology Core Facility.
T Cell Flow Cytometry-CD4 ϩ splenocytes were purified as described above and stained with CD4, CD25, CD45RB, CD62L, and CD44 (eBioscience). For in vitro stimulations, purified T cells were stimulated for 3 days with anti-CD3/CD28 resin (eBioscience). Cytokine levels were analyzed by standard sandwich ELISA (BioLegend). Flow cytometric analysis was performed on a BD Accuri C6 flow cytometer (BD Biosciences) using FCS Express software (De Novo Software).
Histology-H&E staining of lung sections was performed by the Case Western Reserve University Tissue Procurement and Histology Core Facility. Unstained slides were stained with antibodies specific for EpCAM (epithelial cell adhesion molecule; 6 g/ml, eBioscience) and myeloperoxidase (1:100 dilution, Abcam; anti-rabbit secondary, 1:1,000 dilution, Invitrogen).
Deep Sequencing-CD4 ϩ T cells (10 6 ) were isolated from the spleens of treated (ovalbumin and PSA) or untreated (saline) mice and sent to Adaptive Biotechnologies for RNA extraction and deep sequencing of the TCR ␤-chain using their proprietary assay platform, as reported elsewhere (22) . Data analysis was performed using Adaptive Biotechologies immunoSEQ web tools and graphed using GraphPad Prism (version 5.0).
General Data Analyses-All data are shown as means Ϯ S.E. Mice included a minimum of four animals per group per replicate experiment. Graphs and statistical measures were generated with GraphPad Prism (version 5.0). For comparisons between multiple groups, analysis of variance was used, whereas for comparisons between two groups (where appropriate), Student's t test was used.
RESULTS
PSA-responding T Cell Phenotype-WT C57BL/6 mice were orally immunized with 100 g of PSA five times over 12 days to elicit a potent T cell response in vivo as reported previously (23) . On day 15, CD4 ϩ T cells were harvested from both the spleen and mesenteric lymph nodes and either re-stimulated with anti-CD3/CD28 beads or stained for flow cytometry to quantify the impact of PSA immunization. We found that the bulk CD4
ϩ T cell population was skewed away from IFN␥ produc-tion and toward IL-10 production compared with cells from saline-treated negative control mice (Fig. 1A) . Flow cytometry further indicated that exposure to PSA expanded a population of CD45RB low T cells, many of which also expressed the IL-2 receptor CD25, which is commonly found on regulatory T cells (Fig. 1B) . No change in CD25 was seen in CD45RB high cells (Fig.  1, B and D) . Finally, among the CD4 ϩ CD45RB low T cells, the majority (66.5%) were CD62L low CD44 high effector/memory T cells (Fig. 1, C and D) , demonstrating that the in vivo murine T cell response to PSA is dominated by IL-10 skewing through the expansion of CD4 ϩ CD45RB low CD25 ϩ/Ϫ effector/ memory T cells, which is consistent with our previous findings in humans (16) .
Deep Sequencing of ␣␤TCR from PSA-expanded T Cells-To characterize the genetic nature of PSA recognition by the ␣␤TCR of T cells, CD4 ϩ T cells were isolated from the spleens of WT mice immunized as described above ( Fig. 1) with either PSA or ovalbumin as a conventional antigen control and with saline as a negative/naïve control. Total RNA was isolated, a library for deep sequencing was created for each mouse, and targeted sequencing of the ␤-chain of the ␣␤TCR was performed as described under "Experimental Procedures." Table 1 provides the general statistics of the resulting sequencing data, including over 700,000 total and 65,000 unique (found at least once in that sample) productive (no stops) sequences per sample.
Informatic analyses of the sequences revealed a lack of significant change in the number of ␣␤TCRs carrying particular V␤ or J segments (Fig. 2) , consistent with the notion that neither PSA nor ovalbumin activates T cells based solely upon germ line-encoded sequences. In addition, average CDR3 loop lengths across all sequences in PSA-and ovalbumin-immunized cohorts were indistinguishable from those in the naïve control cohort (Fig. 3) , suggesting that although PSA is a much larger structure as presented by MHCII compared with ovalbumin (presented PSA ϭ 5-10 kDa (5, 12), typical presented peptides ϭ 1-2 kDa (1)), the CDR3 loop length is not atypical for conventional recognition.
PSA-driven T Cell Clonality-Despite our discovery that PSA (5, 11, 12) and other zwitterionic polysaccharides (9, 10) stimulate CD4 ϩ T cells via presentation by MHCII, the degree to which the cognate T cells recognize the antigen specifically remains highly controversial. To better understand the clonality of the response against PSA, CDR3 loop sequences were compared between the three cohorts to identify those common to both naïve and PSA (or ovalbumin)-immunized mice, as well as those unique to each sample. In comparing the two naïve samples (naïve 1 versus naïve 2), we found 52,528 sequences unique to naïve 1, 54,718 sequences unique to naïve 2, and 13,527 sequences shared between both samples (Fig. 4A) . When a naïve sample (naïve 1) was compared with an ovalbumin-immunized sample (ovalbumin 1), we found 55,830 sequences unique to naïve 1, 48,181 sequences unique to ovalbumin 1, and 12,415 sequences in common (Fig. 4B) . Finally, when comparing naïve with PSA-immunized samples, we found 55,295 sequences unique to a naïve sample (naïve 1), 50,340 sequences unique to a PSA sample (PSA 1), and 12,950 ϩ T cells were harvested from the spleen (SPL) and mesenteric lymph nodes (mLN) and either stained for surface markers or re-stimulated with anti-CD3/CD28 beads for 72 h. A, prior exposure PSA skews toward IL-10 and away from IFN␥ production. B-D, PSA immunization leads to an expansion of CD4 ϩ CD45RB low cells, which are primarily of the effector/memory (CD62L low CD44 high ) subset. *, p Ͻ 0.02; **, p Ͻ 0.05; ***, p Ͼ 0.05. T EM cells, effector/memory T cells.
TABLE 1 ␣␤TCR deep sequencing data statistics
The number of sequences from TCR ␤-chain deep sequencing is reported, including the number of unique, productive, and unique productive sequences; sequences with stops; and unique sequences with stops found in the CD4 ϩ T cell cohort from each immunized mouse reported herein. sequences in common (Fig. 4C) . Similar results were found with the other PSA and ovalbumin comparisons.
To gain more insight into the most abundant clones, we evaluated the top 50 clones of the combined sequences of naïve, ovalbumin-immunized, and PSA-immunized cohorts. We found that for both ovalbumin-and PSA-immunized groups, a significant increase in a small number of clones was seen above the background of the naïve group (cutoff set at 0.2% of the total), strongly suggesting specific clonal expansion (Fig. 5) . Translation of these expanded CDR3 loop sequences is consistent with the overall data, in which there was a lack of significant difference in total CDR3 loop length (Fig. 3) .
Interestingly, among the top 50 clones, there was a significantly higher proportion of zwitterionic TCR␤ CDR3 amino acid sequences containing both acidic (negatively charged) and basic (positively charged) residues in the PSA-immunized cohorts compared with both naïve and ovalbumin-immunized samples ( Fig. 6 and Table 2 ). Given the zwitterionic nature of the PSA antigen, these data suggest that electrostatic bonds influence PSA recognition.
PSA-expanded T Cells Inhibit
Airway Inflammation-To demonstrate biological activity of PSA-specific clonally expanded T cells, WT mice were immunized with PSA as described above (Fig. 1) . Splenic CD4 ϩ T cells from these or mock (saline)-treated mice were harvested and adoptively transferred into ovalbumin-sensitized recipients. These mice were then given daily intranasal ovalbumin challenges to induce airway inflammation. On day 7, lungs were lavaged to assess leukocyte infiltration and sectioned for histopathology by H&E staining and confocal microscopy. We found that adoptive transfer of CD4 ϩ T cells from PSA-treated mice robustly inhibited leukocyte infiltration into the airway compared with T cells from saline-treated mice (Fig. 7, A-D) . Likewise, PSA-expanded T cells prevented detectable tissue pathology (Fig. 7E) , including the infiltration of activated myeloperoxidase-positive leukocytes in and around the airways (Fig. 7F) . These data show the suppressive capacity of clonally expanded PSA-responding CD4 ϩ T cells and collectively establish that a clonally expanded antimicrobial polysaccharide T cell response can play important roles in the maintenance of immune homeostasis.
DISCUSSION
For over 2 decades, it has been known that zwitterionic polysaccharide glycoantigens like PSA from the commensal organism B. fragilis can activate CD4 ϩ T cells (6, 24) . Likewise, it has been known for a decade that this T cell activation is dependent upon processing of these molecules to small fragments (5-10 kDa) by nitric oxide-mediated oxidation and presentation by MHCII molecules (5, 9, 25) . Although the mechanisms underlying MHCII binding and presentation have been the subject of intense focus (5, 9 -12, 25, 26) , the nature of T cell recognition remained in the background of the phenomenology of the response as a whole. For example, PSA-responding T cells have the capacity to prevent abscess and adhesion formation (19, 23) and experimental inflammatory bowel disease (18) .
A complicating factor in understanding the nature of T cell recognition of PSA has been the failure to clone PSA-specific T cells. Our studies with human cells revealed that PSA-responding T cells become highly anergic upon re-stimulation with PSA and that this anergy is not fully broken by the addition of growth factors such as IL-2 (16). Moreover, fusion of murine T cells from PSA-immunized mice also results in hybridomas that fail to proliferate, thus preventing cloning and the establishment of a PSA-specific clonal cell line (data not shown).
In this study, we utilized deep RNA sequencing of the TCR␤ locus in isolated CD4 ϩ T cells from naïve, PSA-immunized, or control (ovalbumin)-immunized mice to provide the first glimpse of the ␣␤TCRs expanded as a result of PSA exposure. TCR␤ was used because expression of a single TCR␤ allele prevents expression of the other TCR␤ allele within the same cell, yet TCR␣ does not show this same allelic exclusion. The result is that any mature T cell will express exactly one TCR␤ allele, but can conceivably express more than one TCR␣ allele, thereby making clonality based on TCR␣ sequencing ambiguous.
We found that PSA induces a clonal expansion of a limited subset of T cells, which mirrors that seen with a conventional antigen. The response is characterized by average TCR␤ CDR3 loop length and a lack of particular V␤ and J region use. A hallmark difference between nonspecific recognition of superantigens and the specific recognition of conventional peptide antigens is the use and distribution of V␤ segments in the responding T cell repertoire. Superantigens cross-link MHCII and V␤ domains in a manner independent of CDR loop rearrangements. As a result, these antigens activate essentially all T cells with an ␣␤TCR containing specific V␤ domains. In contrast, conventional antigen recognition is driven by the CDR rearrangements and not specific V␤ or J domains. Given the lack of particular V␤ and J region use in response to PSA, our findings support the conclusion that recognition is driven by antigen-specific interactions, not by the nonspecific cross-linking seen with superantigens.
The T cell response also shows a propensity to generate zwitterionic CDR3 loop sequences, at least within the TCR ␤-chain. This is intriguing because the impact of PSA charge neutralization on PSA-mediated T cell activation has been known for some time (6, 20) . Our work has shown that the loss of charges on PSA alters its conformation and significantly reduces interactions with MHCII (12) . In fact, the defining characteristic of the PSA family of T cell-dependent antigens is the presence of an alternating charge motif within the polysaccharide repeating unit (5, 6, 8 -10, 12, 20, 24) . The correlation between the recognition of a zwitterionic antigen and a propensity for zwitterionic TCR␤ CDR3 loop sequences raises the possibility that electrostatic interactions are a key feature in the Finally, we have demonstrated that the clonally expanded population of T cells in PSA-immunized mice can robustly prevent the onset of inflammation in the lung. This finding is consistent with the anti-inflammatory activity of PSA (18, 19, 23 ). ϩ T cells from saline-or PSA-immunized mice were adoptively transferred into recipient mice 24 h prior to the induction of airway inflammation via intranasal ovalbumin (i.n. OVA) challenge. Lung lavage isolates of each mouse were analyzed for total white blood cell (WBC) (A), polymorphonuclear cell (PMN) (B), lymphocyte (Lympho) (C), and eosinophil (Eos) (D) infiltration into the airway space. Lungs were also sectioned for histopathology by H&E staining (E) and confocal microscopy (F), revealing the protective efficacy of PSA-responding T cells. Red, myeloperoxidase; green, EpCAM.
Because PSA is derived from a commensal organism, the ability to help maintain immune homeostasis via T cell expansion and skewing aligns our findings with the growing evidence for the protective efficacy of the microbiota in disease (27) . Moreover, the apparent specificity of PSA recognition suggests that the anti-inflammatory activity of these T cells is characteristic of so-called bystander suppression, in which the regulatory T cell inhibits the activation of any other T cell regardless of its cognate antigen. This is supported by our findings with human cells, which suppress other T cell responses in vitro via IL-10 secretion (16) .
In summary, we have demonstrated that the zwitterionic polysaccharide PSA induces a specific clonal population of CD4 ϩ CD45RB low effector/memory cells with in vivo regulatory activity characterized by IL-10-skewed cytokine production and protection of airway inflammation. PSA is therefore the first non-peptide MHCII-dependent antigen identified that is specifically recognized by CD4 ϩ T cells, thereby expanding the paradigm of T cell biology to include polysaccharide antigens.
